In the interaction between two ecologically-associated species, the population structure of one species may affect the population structure of the other. Here, we examine the population structures of the aphid Metopeurum fuscoviride, a specialist on tansy Tanacetum vulgare, and its specialist primary hymenopterous parasitoid Lysiphlebus hirticornis, both of which are characterized by multivoltine life histories and a classic metapopulation structure. Samples of the aphid host and the parasitoid were collected from eight sites in and around Jena, Germany, where both insect species co-occur, and then were genotyped using suites of polymorphic microsatellite markers. The host aphid was greatly differentiated in terms of its spatial population genetic patterning, while the parasitoid was, in comparison, only moderately differentiated. There was a positive Mantel test correlation between pairwise shared allele distance (DAS) of the host and parasitoid, i.e. if host subpopulation samples were more similar between two particular sites, so were the parasitoid subpopulation samples. We argue that while the differences in the levels of genetic differentiation are due to the differences in the biology of the species, the correlations between host and parasitoid are indicative of dependence of the parasitoid population structure on that of its aphid host. The parasitoid is genetically tracking behind the aphid host, as can be expected in a classic metapopulation structure where host persistence depends on a delay between host and parasitoid colonization of the patch. The results may also have relevance to the Red Queen hypothesis, whereupon in the 'arms race' between parasitoid and its host, the latter 'attempts' to evolve away from the former.
Introduction
The geographic structure of interacting species is a major component of evolving interactions and coevolutionary processes (Thompson, 1994) . Evolutionary processes of differential selection, mating structure and gene flow in subdivided populations all contribute in creating genetic variance among geographic mosaics of populations. Consequently, understanding the geographic structure of species helps to elucidate species interactions and levels of adaptation that may not be identical over entire species ranges (e.g. Kraaijeveld & van der Wel, 1994; Kraaijeveld & Van Alphen, 1995) .
The population genetics of insects may be influenced by interactions among species, and one of the strongest interactions is between hosts and their parasitoids. Thus, Kankare et al. (2005) noted that comparing such interacting species inhabiting the same landscape was a powerful approach to studying spatial population structures. This is because, in these cases, possible differences are due to biological properties of the species rather than to particular features of the environment. A few studies have to date compared the spatial genetic structures of closely interacting species, especially between a host and its parasitoid (but see Althoff & Thompson, 1999; Johannesen & Seitz, 2003; Anton et al., 2007) , although only the latter two studies within a metapopulation context.
For example, Anton et al. (2007) found higher overall genetic differentiation in the specialist univoltine parasitoid Neotypus melanocephalus Gmelin (Hymenoptera: Ichneumonidae), compared with its univoltine host, the Dusky large blue butterfly, Maculinea nausithous (Bergsträsser) (Lepidoptera: Lycaenidae). Mantel test correlations of pairwise genetic distances between butterfly populations were, however, not correlated with the genetic distances of corresponding pairs of parasitoid populations. The authors concluded that the observed differences are apparently due to the differences in breeding system, i.e. diploid host vs a haplodiploid parasitoid. Similarly, Johannesen & Seitz (2003) simultaneously examined the population genetic structures of the univoltine gall forming fly, Urophora cardui (L.) (Diptera: Tephritidae), and its primary univoltine oligophagous parasitoid, Eurytoma robusta Mayr (Hymenoptera: Eurytomidae). While they found higher genetic structuring in populations of E. robusta than in the host populations and positive significant F ST correlations between population pairs of the two insect species, they used standard regression measures which potentially inflate the degrees of freedom. While the metapopulation structure of the host will influence the population genetics of the parasitoid (Nyabuga et al., 2010) , it remains unclear if the close interaction between host and parasitoid also leads to similar patterns of genetic differentiation between particular subpopulations.
To investigate this possibility, we used the same insect host-parasitoid system as previously used by Nyabuga et al. (2010 Nyabuga et al. ( , 2011 , namely the specialist wasp parasitoid Lysiphlebus hirticornis Mackauer (Hymenoptera: Braconidae: Aphidiinae) attacking the holocyclic aphid, Metopeurum fuscoviride Stroyan (Hemiptera: Aphididae), which feeds exclusively on tansy, Tanacetum vulgare L. (Family Asteraceae = Compositae) (see Massonnet, 2002; Loxdale et al., 2010, in press ).
The L. hirticornis-M. fuscoviride system has a classic metapopulation structure (Weisser, 2000; Zheng et al., 2009 ).
In a field study, Weisser (2000) and Nyabuga et al. (2011) reported frequent extinction events for M. fuscoviride and, as a direct consequence, extinction too of the parasitoid L. hirticornis at the level of tansy plants (genets and ramets). At the local (site) spatial scale, Weisser (2000) and Nyabuga et al. (2010) found that many tansy plants were not colonized by the aphid and many tansy genets hosting the aphid were not colonized by the parasitoid. In further support of the view that M. fuscoviride has a metapopulation structure, Massonnet (2002) , using six microsatellite markers to study seven subpopulations (five from the Alsace region of France and two from Germany), reported high population differentiation: pairwise F ST values ranged from 0.029 to 0.416 (mean = 0.222) and, of the 21 pairwise F ST comparisons, 18 were significant (P < 0.05), a finding recently supported by Loxdale et al. (in press ) who report such high (or higher) values for M. fuscoviride, even at a small spatial scale in and around Jena (< 80 km 2 ) using essentially the same suite of microsatellites. Similarly, Nyabuga et al. (2010) , using 11 microsatellite markers on 11 subpopulations of L. hirticornis collected at a small spatial scale (the furthest sites being around 15 km apart) from M. fuscoviride colonies on tansy, also in and around Jena, found significant pairwise genetic differentiation between all subpopulations, with F ST values ranging from 0.065 to 0.236 (mean = 0.148). This finding strongly supports the view that the parasitoid has a local metapopulation structure like its host aphid and presumably is dependent to a greater extent on that of its host.
Both species also show various degrees of inbreeding and philopatry (Nyabuga et al., 2010 (Nyabuga et al., , 2011 Loxdale et al., in press ). The aphid M. fuscoviride and its parasitoid L. hirticornis have short and overlapping multivoltine lifecycles. The aphid produces overwintering eggs on tansy that hatch in spring and give rise to the fundatrix morph, i.e. first asexual stem mother (Massonnet, 2002) . Thereafter, these fundatrix morphs give birth asexually by apomictic (= mitotic) parthenogenetic reproduction to asexual female offspring that develop to adulthood and start producing their own young in around ten days. As the growing season continues and the tansy plants begin to senesce towards autumn, wingless sexual females and wingless males are produced that mate and lay overwintering eggs, probably mostly on the same plant or nearby. Due to this type of reproduction, positive inbreeding coefficients (F IS ) in spatial units and high genetic diversity at the start of the annual season (in spring) that reduces to their lowest in autumn are reported (Massonnet, 2002; Loxdale et al., in press) .
In contrast, the parasitoid L. hirticornis has a haplodiploid system whereby unfertilized eggs give rise to winged male offspring, while the mated and fertilized females produce winged females. It attacks aggregated aphids (colonies) and will oviposit eggs in the same aphid colony until virtually all available hosts are parasitized or it becomes egg limited (Mackauer & Völkl, 2002) . This sort of behaviour is thought to encourage inbreeding as inferred from microsatellite results (Nyabuga et al., 2010 (Nyabuga et al., , 2011 and behavioral experiments (Nyabuga et al., in press ). Under field conditions, egg oviposition to adult emergence takes <16 days. Parasitized adult aphids continue to produce young for some time until 'total castration' occurs (Polaszek, 1986) .
In the present study, we hypothesize that the genetic differentiation of the aphid M. fuscoviride population structuring has a direct and congruent effect on its specialist parasitoid L. hirticornis population structure. Specifically we ask: (i) How F.N. Nyabuga et al. does the level of population genetic differentiation in the parasitoid compare to that of its aphid host? and (ii), Is there a relationship between the level of parasitoid population genetic differentiation and that of its aphid host?
Material and methods

Field sites
The population genetics of M. fuscoviride and its parasitoid L. hirticornis were studied between early June and late October, 2007 from 11 sites in and around Jena, Germany (50°54′N, 11°3 5′E; see fig. 1 and appendix 1 in Nyabuga et al., 2010 for site details), all of which comprised waste grounds, especially land adjoining the railway track along the river Saale valley. Aphid and parasitoid samples in the form of aphid 'mummies' (developing parasitoid larvae/pupae within the aphid cuticle) were collected. Due to constraints in the number of individuals genotyped of either the aphid or parasitoid, eight sites were compared. We refer to all individuals from one site as a 'subpopulation', i.e. samples from eight host and eight parasitoid subpopulations were sampled.
Field surveys and subpopulation sampling
Tansy genets were visited and inspected at all sites for M. fuscoviride approximately every ten days throughout the growing season. If colonized by aphids, the genet was hand labelled and its phenology (shooting, flowering, senescing, etc.) noted; the numbers of ramets per genet were counted along with the number of ramets colonized by the aphid. Each aphid colony was estimated for size and further inspected for aphid mummies. The L. hirticornis aphid mummies' dark brownish coloration easily distinguished them from other parasitoid species attacking M. fuscoviride, in particular Aphidius tanacetarius Mackauer and Ephedrus Haliday spp. (Hymenoptera: Braconidae: Aphidiinae). During subsequent visits, the fate of marked genets with aphid colonies was followed and any new genet colonization marked and recorded. The study continued for the entire growing season, until the shoots senesced and the aphid colonies collapsed (for detailed description of sampling method and results, see Nyabuga et al., 2010 Nyabuga et al., , 2011 .
Sample collection and analysis by microsatellites Aphids
Collected aphids were placed into 100% ethanol in 1.5 ml Eppendorf tubes and stored refrigerated (* 4°C) until DNA extraction. Purified DNA was stored deep frozen at -20°C, as was that of parasitoids (see below). To maximize genetic heterogeneity, usually only 1-5 aphids were tested per tansy ramet. Aphids were visually checked during sorting (also in 100% ethanol), and those obviously parasitized by braconid wasps or contaminated with entomopathogenic fungi were discarded. DNA was extracted from individual M. fuscoviride aphids using the 'salting out' procedure of Sunnucks & Hales (1996) . Microsatellite banding profiles were obtained using the five primers (Mf-1 to -5) and protocols essentially as detailed by Massonnet et al. (2002) (see also Loxdale et al., in press ). Briefly, 10-μl reaction mixture volumes had a final Mg 2 + concentration of 1.5 mM, and PCR reactions were performed using Eppendorf thermocyclers (Mastercycler ® ). PCR products were detected on a Licor 4300 sequencer using 0.25 mm thick, 6.5% polyacrylamide gels and IRD700 and IRD800 fluorescently labelled forward primers. 50-350 bp IRD700 and IRD800 fluorescently-labelled size markers were used to determine product size.
Parasitoids
For each site, between five and a maximum of ten L. hirticornis aphid mummies were sampled from tansy plants. Sampling was also done between early June and late October, 2007. The aphid mummies were collected in 1.5 ml Eppendorf tubes for transport to the laboratory where the winged adult parasitoids were left to emerge and their sex determined under a stereo binocular microscope. Males and females from a single genet were stored separately in Eppendorfs in 100% ethanol at 4°C prior to DNA extraction. For genetic analyses, only female parasitoids were used. As with the aphids, DNA was extracted using the 'salting-out' method. Eleven microsatellite loci, namely Lhirt01, Lhirt02, Lhirt03, Lhirt04, Lhirt06, Lhirt08, Lhirt10, Lhirt15, Lhirt23, Lysi08 and Lysi6b12, were used. These loci, along with the PCR, sequencing and scoring procedures used are detailed in Nyabuga et al. (2009) .
Statistical analysis
Both M. fuscoviride and L. hirticornis were analysed as eight subpopulations according to the site of collection. The number of alleles, inbreeding coefficient (F IS ), global and pairwise F ST according to Weir & Cockerham (1984) were calculated in FSTAT version 2.9.3.2 (Goudet, 2002) . Observed and expected heterozygosity were calculated in ARLEQUIN version 3.1 (Excoffier et al., 2005) . Shared allele distance (DAS) for subpopulations was calculated using POPULATIONS version 1.2.32 (Langella, 1999) . Mantel correlation tests for pairwise F ST and DAS for the two insect species were performed using isolation by distance web service, IBDWS version 3.15 (Jensen et al., 2005) . The measure of population differentiation F ST / (1-F ST ) developed by Rousset (1997) was used to test for isolation by distance (IBD), also using the IBDWS program. Independent sample Student's t-tests to test for statistical 
Results
Alleles
The total number of alleles per site in aphids ranged from 13 at Göschwitz-Bhf, Fritz-Winkler-Straße and Zwätzen to 21 at Porstendorf, and for parasitoids from 32 at Zwätzen to 55 at Jena Nord-1 (table 1). The total number of alleles in the M. fuscoviride subpopulations were not correlated with the total number of alleles in the parasitoid subpopulations (r = 0.022, F 1,7 = 0.003, P = 0.959). Alleles per locus averaged 4.176 ± 0.26 (SE) in parasitoids and 3.175 ± 0.19 (SE) in aphids. (table 1) . The global M. fuscoviride F IS (0.505 ± 0.07 SE) was not statistically different from that of L. hirticornis (0.382 ± 0.02 SE, t = 1.818, df = 14, P = 0.091, CI = À0.2684-0.0222). The relationship between aphid F IS and parasitoid F IS was also not significant (r = 0.078, F 1,7 = 0.037, P = 0.854).
F ST Global population genetic differentiation (F ST ) was 0.171 ± 0.0014(SE) for aphids and statistically different from that of L. hirticornis (0.142 ± 0.0003 SE, t = 20.847, df = 14, P < 0.001, CI = À0.032 to À0.026). All pairwise F ST for both the aphid and parasitoid were statistically different (P < 0.05; table 2). Pairwise F ST Mantel correlations revealed that aphid population sub-structuring was positively correlated with that of the parasitoid sub-structuring (r = 0.5240, P = 0.067). In contrast, when a standard regression method was used, a positive significant value was obtained: vis, r = 0.524, F 1,27 = 9.841, P = 0.004 ( fig. 1) . Pairwise F ST /1-F ST Mantel test correlations revealed that aphid population sub-structuring was positively, but marginally, non-significantly correlated with that of the parasitoid (r = 0.5088, P = 0.061). The DAS between pairs of aphid subpopulations was positively correlated with DAS among parasitoid subpopulations from the same pair of sites (Mantel correlation: r = 0.6697, P = 0.040; fig. 2 ). 
Isolation by distance (IBD)
Mantel tests performed for matrix correlations between genetic distance (Fst/(1-Fst)) and the logarithm (log 10 ) of geographic distance showed no IBD relationship for aphids (Z = 25.03, r = 0.044, one sided P = 0.453 from 1000 randomizations) or parasitoids (Z = 17.52, r = À0.224, one sided P = 0.748 from 1000 randomizations).
Observed heterozygosity (H O )
The parasitoid showed a significantly higher level of observed heterozygosity (H O ; 0.300 ± 0.01 SE) compared with the aphid (0.195 ± 0.04 SE, t = 2.621, df = 14, P = 0.020, CI = À0.191 to À0.019). The mean H O at each site is shown in table 1. Levels of H O were not significantly correlated between host and parasitoid (r = 0.226, F 1,7 = 0.323, P = 0.148).
Expected heterozygosity (H E )
H E levels in L. hirticornis (0.486 ± 0.018 SE) were higher compared with that of the aphid host, M. fuscoviride (0.369 ± 0.05 SE; t = 2.278, df = 14, P = 0.039, CI = À2.228 to À0.007). Mean H E values for each site are shown in table 1. Level of H E were also not significantly correlated between host and parasitoid (r = -0.561, F 1,7 = 2.749, P = 0.148).
Discussion
Using the qualitative guidelines for genetic differentiation (F ST ) of Wright (1978) , our data show an overall 'greater genetic differentiation' in the aphid host M. fuscoviride, which is statistically different from the 'moderate genetic differentiation' in the parasitoid, L. hirticornis. This result may be expected because of the differences in the biology of the insects: M. fuscoviride are resident sap sucking herbivores, i.e. they insert their proboscis into the plant phloem and, if undisturbed, continue to feed and reproduce young asexually. The young in turn will start to feed and reproduce on the same plant (Dixon, 1998) . In contrast, the parasitoid has free living adults. After emergence from hosts, individual males and females parasitoids may fly or walk from plant to plant in search of mates, and suitable hosts in the case of females (Godfray, 1994) . Even though L. hirticornis has fully developed wings, it has not been observed to actively fly but only to walk between aphid colonies on the same genet, i.e. between those on different ramets (Weisser, 2000) . On the other hand, as aforementioned, both sexual forms -males and oviparae of M. fuscoviride -are wingless (Massonnet, 2002; Loxdale et al., 2010) , although migrating winged asexual female morphs (alate exules: Dixon, 1998) have commonly been observed within colonies early in the season as populations build up (Nyabuga, personal observation), probably a response to overcrowding or other stresses as shown in other aphid species (Dixon, 1998; Sloggett & Weisser, 2002) . Given these factors, a higher gene flow and a lowered subpopulation differentiation is expected in the parasitoid compared with the aphid host. Indeed, our results indicate that L. hirticornis has comparatively higher dispersal ability than M. fuscoviride, despite its apparent unwillingness or inability to fly. These factors could also be the reason for the comparative differences between the present results and those of Anton et al. (2007) . They found moderate differentiation in the Dusky blue butterfly host M. nausithous and high differentiation in the parasitoid N. melanocephalus and explained this difference as due to the haplodiploid breeding system of the latter. Predators have often been found to have greater dispersal abilities compared to their hosts (Jones et al., 1996; Brodmann et al., 1997; Ellner et al., 2001) .
Since L. hirticornis is a seemingly poor disperser (in terms of active flight at any rate), and some plants within a sites will not be colonized by the parasitoid even when aphids are present (Weisser & Härri, 2005; Rauch & Weisser, 2007) , it is highly probable that only those host aphid colonies in close proximity are liable to be attacked by the specialized parasitoid, whose breeding system is predominantly philopatric (Nyabuga et al., 2010) . Thus, this will tend to cause local inbreeding of the parasitoid (see below).
Subpopulations of M. fuscoviride were found to be more genetically related (F IS = 0.505) to each other compared with values obtained for similar intraspecific comparisons performed for the parasitoid (F IS = 0.382), and this could be partially also explained by the parthenogenetic mode of reproduction in the aphid host. Aphids reproduce young asexual females with their young within them (i.e. 'telescoping of generations': Dixon, 1998 ). This reproductive mode may lead to reduced genetic diversity and favour selection for persistent genes. The parasitoid, on the other hand, will only produce females when mated. But because only a few males are produced in a brood, a single male will mate with several females (local mate competition: Hamilton, 1967) , which also enhances reduced genetic diversity (Menken, 1991) . Due to parthenogenesis, a lower level of genetic diversity in the aphid compared with the haplodiploid parasitoid, therefore, is expected. We report higher total heterozygosity (H T ) in L. hirticornis compared with M. fuscoviride. Since allelic richness and genetic diversity are dependent on the number of microsatellite loci (here, five polymorphic loci were used for the aphid compared with 11 for the parasitoid), it is, therefore, not especially meaningful to compare the average number of alleles for genetic diversity directly.
While Mantel test correlations between pairwise F ST, and (F ST /(1-F ST )) of the host and the parasitoid were marginally non-significant, pairwise DAS for M. fuscoviride were positively and significantly correlated with those of L. hirticornis. The aphid hosts M. fuscoviride always had higher proportion of shared alleles and higher mean F ST compared to L. hirticornis. Thus, the more genetically similar two host subpopulations were found to be, likewise, the more similar were the parasitoid subpopulations at the same sites and vice versa. The implication of this is that the parasitoid is genetically tracking behind the aphid host. Because parasitoids can only colonize a site if hosts are present and in a system characterized by high turnover due to extinction events as is the case in M. fuscoviride-L-hirticornis system (Weisser, 2000; Massonnet, 2002; Nyabuga et al., 2010) , then host DAS and F ST should always be comparatively higher.
Whilst the tansy plants are common enough along the length of the Saale River Valley in Jena, they tend to grow in isolated clumps or stands. These are in effect isolated 'islands' of resource. The only way the aphids can reach these is during the summer migratory phase of the winged asexual migrants (emigrants and immigrants) in response to crowding or lowered food (phloem) quality. Since these aphid morphs, whilst actively flying, are borne on the wind above their low flight speed in still air (Loxdale et al., 1993) , only being able to actively orient to individual plants using visual and odour cues below the boundary layer of still air near the ground (Taylor, 1974) , it must be difficult for them to land on plants at a distance from their natal plant. Although there was no clear IBD relationship for the aphids or parasitoids over the area sampled (max. 15 km), this probably relates to the fact that small numbers of individuals of both insects do manage to land on isolated tansy plants, which prevents clear geographically-based genetic isolation effects at the small scale sampled (see Wang, 2004) . Even so, some aphid and some parasitoid subpopulations are, as the present results show, more genetically differentiated than others, within the range shown in table 2. Hence, when and if aphid subpopulations become genetically isolated due to the low probability of colonization within the metapopulation from 'new' winged migrants, and assuming these persist throughout the growing season (and sometimes perhaps between seasons), then it is likely that the philopatric and specialized L. hirticornis remain within such colonies. As a consequence, they tend to become more genetically divergent as a result of bottlenecks and founder events (Nyabuga et al., 2010 (Nyabuga et al., , 2011 .
Whilst it is possible that host and parasitoid colonization of a site occurs independently, there is also the possibility of a proportion of hosts carrying the parasitoid directly within them during migration. Parasitized winged aphids, such as the grain aphid Sitobion avenae (F.), are known to disperse parasitoids in the latter's early stages of development (Walton et al., 2011) . We propose that this process occurs frequently, especially when aphid colonies are geographically close to one another, whereupon the probability of aphids finding a suitable new host is probably much enhanced. Also, the plant, aphid and parasitoid have co-evolved with each other, perhaps over millions of years, and thus millions of generations. It is, therefore, not surprising that parasitoid and aphid hosts tend to be fine-tuned genetically to each other over the course of a field season, which in the case of the aphid represents something like 15 asexual generations and one autumnal sexual one (whereupon the sexual forms mate to produce cold hardy overwintering eggs). The process may also perhaps reflect on the Red Queen hypothesis (van Valen, 1973) , whereby an 'arms race' exists, maintained by the aphid host trying to evolve away from the attacking parasites, i.e. become more genetically diverse in order to have the adaptive potential to counter the meanwhile co-evolving parasitoid and the immunological response that this engenders (see Loxdale et al., 2011 and references therein) .
In conclusion, in a tri-trophic system, where one trophic level is fully dependent on another, as here with the L. hirticornis, M. fuscoviride, tansy system, close coevolutionary associations are bound to occur. Such insect coevolution will, however, almost always be determined by the lower trophic level, in this case the aphid. We have clearly shown that the parasitoid has lower population genetic differentiation compared with the aphid host and seemingly tracks its host, i.e. the more genetically differentiated the aphid subpopulations, so are the parasitoid subpopulations accordingly. That the parasitoid tracks behind the host is likely to be the fundamental mechanism for continued dual metapopulation persistence not only in the M. fuscoviride-L. hirticornis system as here demonstrated, but in host-parasitoid ecological systems generally.
